The peak spatial specific absorption rate (SAR) assessed with the standardized specific anthropometric mannequin head phantom has been shown to yield a conservative exposure estimate for both adults and children using mobile phones. There are, however, questions remaining concerning the impact of age-dependent dielectric tissue properties and age-dependent proportions of the skull, face and ear on the global and local absorption, in particular in the brain tissues. In this study, we compare the absorption in various parts of the cortex for different magnetic resonance imaging-based head phantoms of adults and children exposed to different models of mobile phones. The results show that the locally induced fields in children can be significantly higher (>3 dB) in subregions of the brain (cortex, hippocampus and hypothalamus) and the eye due to the closer proximity of the phone to these tissues. The increase is even larger for bone marrow (>10 dB) as a result of its significantly high conductivity. Tissues such as the pineal gland show no increase since their distances to the phone are not a function of age. This study, however, confirms previous findings saying that there are no age-dependent changes of the peak spatial SAR when averaged over the entire head.
Introduction
Potential differences between adults and children in exposure to cell phone radiation have been the subject of ongoing debate regarding both dosimetric aspects and the possibly greater sensitivity of children, in particular their developing brain. Whereas recent interpretations of epidemiological studies indicating an increased risk for glioma and acoustic neuroma (Khurana et al 2009) are being controversially discussed within the scientific community (Khurana et al 2008 , Kundi 2009 , the correlation of different ailments of the central nervous system (CNS), such as Alzheimer's and migraine or vertigo, with electromagnetic field exposure has gained additional research interest among epidemiologists (Huss et al 2009 , Schüz et al 2009 .
During the last decade, the dosimetric analysis of cell phone exposure focused on testing the compliance of mobile phones with basic restrictions, i.e. the peak spatial average specific absorption rate (psSAR) as defined by ICNIRP (1998) , IEEE (2005) 4 . Anatomical head models of adults and children were used to assess the psSAR in the human head for different phones, the results of which were compared to those assessed for the specific anthropometric mannequin (SAM). The SAM was proposed by the standards (CENELEC 2001 , IEEE 2003 , IEC 2005 for demonstrating cell phone compliance with safety limits. A large number of studies evaluated the psSAR in the SAM phantom with respect to anatomical head models, and all reviews of these studies came to the conclusion that the psSAR assessed with the SAM is a conservative measure for the exposure of both adults and children (Martens 2005 , Wiart et al 2005 and that variations in psSAR among different models can be attributed to individual anatomical differences but not to age-dependent changes in head size (Kainz et al 2005) . Remaining open issues, however, concern the effect of age-dependent changes of the dielectric tissue parameters on the psSAR as well as systematic differences in the local exposure, in particular of the cortex. Regarding the incomplete knowledge of these aspects, the higher lifetime exposure and the developing bodies of children, the World Health Organization recommends the development of a precautionary approach (Kheifets et al 2005) .
Age-dependent changes of the loss of tissue conductivity have been repeatedly reported in the past (Thurai et al 1984 , 1985 , Peyman et al 2001 , Gabriel 2005 , Schmid andÜberbacher 2005 , but the available data did not suffice for a comprehensive analysis. A systematic evaluation of the age-dependent changes of the dielectric properties of a large number of different tissues has only been published very recently (Peyman et al 2009) . Moreover, differences in the exposure of particular brain regions due to growth-dependent changes of the proportions of the head and the face have not been evaluated. A large number of numerical studies on absorption in the heads of children use scaled models of adults. Since this approach can lead to large uncertainties with respect to the local exposure of tissues and therefore to the interpretation of the findings, it has repeatedly been discouraged (Bit-Babik et al 2005 , Wiart et al 2008 . Several head models of children were recently developed based on magnetic resonance imaging (MRI), and systematic differences in the exposure of the peripheral brain regions of adults and children were observed (Wiart et al 2008) .
This study aims at clarification of the remaining open questions discussed above using anatomically correct models of adults and children. In detail, its objectives are
• assessment of differences of the psSAR considering age-dependent changes of the anatomy of the head and dielectric tissue properties, and • assessment of the differences of the local exposure of the cortex and other distinguished brain regions.
Methods and models

Anatomical head models
Anatomically correct high-resolution models of the heads of two adults and four children (three to eleven years of age) were used in this study (figure 1), three of which are part of Figure 1 . Anatomical head models (from left to right): 38-year-old male adult, 34-year-old male adult, 11-year-old girl, 7-year-old child, 6-year-old boy, 3-year-old child.
the 'Virtual Family'. These models provide significantly improved accuracy with respect to their spatial resolution and their level of detail (Christ et al 2010) . Their characteristics are as follows.
• Visible human. The model is based on cryosection images of a 38-year-old adult male (Ackerman 1998) . The segmentation distinguishes approximately 40 tissue types. They are represented in a 2.5-dimensional 'compound format' that maintains the original outlines of the image slices in the cross section of the body and uses a staircased representation with 1 mm step size along the body axis .
• Duke. The 34-year-old male adult model of the 'Virtual Family' was developed from magnetic resonance images with a resolution of 0.5 × 0.5 × 1.0 mm 3 in the head region. It consists of approximately 40 different organs and tissues that were reconstructed as triangular surface meshes (Christ et al 2010) .
• Billie. The head model of an 11-year-old girl is part of the 'Virtual Family'. Technically it corresponds to the model Duke (see above).
• 7YC. The model of a seven-year-old child is based on MRI scans (Schönborn et al 1998) .
The images were taken in sagittal orientation at a distance of 1.1 mm. It consists of approximately 20 different tissues and organs that are represented in the 'compound format' mentioned above.
• Thelonious. The head model of a six-year-old boy is part of the 'Virtual Family'.
Technically it corresponds to the model Duke (see above).
• 3YC. The model of a three-year-old child corresponds technically to the model 7YC.
For analysis of the exposure of the inner brain regions, the hypothalami, the hippocampi and the pineal glands were resegmented in the images of the models 3YC, Thelonious, 7YC, Billie and Visible Human. Figure 2 shows these brain regions in the head of the model Thelonious. The dielectric parameters of gray matter were used for the hypothalamus, the hippocampus and the pineal gland (section 2.2). The 'Virtual Family' models are available for research purposes at www.itis.ethz.ch 5 .
Age-dependent tissue parameters
Most data on the dielectric properties of tissue used in numerical dosimetry were obtained from measurements of different mammals, such as pigs, sheep or rabbits. Several studies show that the differences of these values to adult human tissue are within the variations of the dielectric properties among different species of fully grown animals (Pethig 1987 , Gabriel et al 1996a , Stauffer et al 2003 . Based on these measurements, a parametric model using four Cole-Cole dispersion terms has been proposed by Gabriel et al (1996b) . This model has been used extensively in numerical dosimetry of the human body and of animals by many different research groups (Hand 2008) . With respect to their dielectric properties, biological tissues can be roughly classified by their water content (Gabriel et al 1996a) . Typical tissues with low water content are e.g. fat, breast tissue or bone. In the frequency range of interest of this study, their permittivities r range from approximately 5 to 20 and their conductivities from approximately 0.05 S m −1 to 0.3 S m −1 . Tissues with high water content can reach values of approximately 60 for their relative permittivity and up to 2 S m −1 for their conductivity. Until recently, the available data on age-dependent changes of the tissue dielectrics (Thurai et al 1984 , 1985 , Peyman et al 2001 , Gabriel 2005 , Schmid andÜberbacher 2005 were not sufficient for a comprehensive analysis, which has already been mentioned in section 1. In order to overcome these limitations Wang et al (2006) suggested to use the total body water as a proxy to model the impact of its age-dependent changes on the dielectric properties of those tissues which are relevant for the SAR calculation in the head. The parameters of rat tissues of differently aged samples are used to extrapolate permittivity and conductivity. Whereas the model predicts age-dependent changes of high water content tissues with satisfactory accuracy, larger deviations from the experimental results are reported for the skull (low water content tissue). Applying the parameters of the model on the calculation of the psSAR does not reveal any systematic changes within the assumed age groups.
A recent study reports on the dielectric tissue parameters of pigs with body weight ranging from 10 kg to 250 kg corresponding approximately to ages of 35, 100 and 600 days (Peyman et al 2009) . Table 1 shows the dielectric parameters of those tissues that are most relevant for the assessment of absorption in the head at the frequencies 900 MHz and 1800 MHz 6 . For comparison, the values of the Cole-Cole model (Gabriel et al 1996b , IFAC 2007 are given as well. Tissues with high water content only show small changes with age and are in generally good agreement with the Cole-Cole model. However, significant differences at young age can be observed for tissues that have a low water content i.e. the skull, fat and bone marrow. These tissues show a significantly higher permittivity and conductivity for the younger age groups. With increasing age, they tend toward the values of the Cole-Cole model. For the dosimetric simulations (section 3), the four different sets of tissue parameters listed in table 1 were used. Since they do not cover all of the head tissues of the models, they were complemented by the Cole-Cole model. Nevertheless, the parameters given in table 1 account for about 70% of the tissue masses of the head models. The only tissue with a major contribution to the mass of the head for which no age-dependent parameters are available is muscle tissue (approximately 20% of the mass of the head and the neck). Among the agedependent parameters reported in Peyman et al (2009) , tongue tissue is closest to muscle with respect to its dielectric characteristics. The changes of the dielectric parameters of tongue tissue with age are comparatively small (<3% over the reported age range). Therefore, ColeCole parameters without age-dependent changes are used for muscle tissue for all simulations. The Cole-Cole model was always used for the tissues of the eye, since the only dielectric properties of the lens show certain changes with age, whereas the predominant part (>95%) of its volume (vitreous body, cornea) does not show any changes (Schmid andÜberbacher 2005) . Gray matter with age-dependent dielectrics was used for the subregions of the brain shown in figure 2 .
The direct correlation of the ages at which the dielectric properties of the tissue samples were taken to human age is not possible. Nevertheless, the available data can be assumed to cover the entire range of changes from newborn to fully grown. Even if the absolute values may not be applicable to human tissue, it should be considered that the dielectric properties of animal tissue have been shown to be in generally good agreement with those of human tissue. Therefore, the application of these parameters will identify trends as a function of age and indicate the order of magnitude of the changes in exposure that can be expected. In order to separate the impact of individual anatomical features of the head models (section 2.1) on the exposure, all models are evaluated with all four sets of tissue parameters (table 1).
Phone models
For the exposure of the head models, three phones with different antenna types were used:
• a generic mobile phone equipped with two monopole antennas for two different GSM bands • a generic mobile phone with an integrated dual band antenna • a CAD model of the Motorola Timeport T 250 with a helical antenna.
The generic phone with a monopole antenna was originally developed for an interlaboratory comparison of numerical SAR assessment (Beard et al 2006) . It consists of a perfectly conducting plate enclosed in the center of a dielectric box. Two different antennas for operation in the GSM 900 band and in the GSM 1800 band can be mounted 7 . A detailed characterization of the phone and the validation of the model can be found in Beard et al (2006) . The generic phone with an integrated dual band antenna was developed as a benchmark for a numerical standard for compliance testing of wireless devices, which is currently under development within a working group of IEEE/ICES TC34 (IEEE 2008) . The development and the validation of the numerical model of the Motorola T 250 are described in detail in Chavannes et al (2003) . Figure 3 shows the three phone models and their SAR distribution when operated at 900 MHz and 1800 MHz at a distance of 2 mm from a flat phantom filled with tissue simulant.
The dielectric parameters of the tissue simulant are r = 41.5 and σ = 0.97 S m −1 at 900 MHz and r = 40.0 and σ = 1.4 S m −1 at 1800 MHz. For all three devices, the location of the psSAR at 900 MHz is approximately above the center of the case. At 1800 MHz, it is close to the antenna feedpoint at the top of the case.
Numerical method
For all evaluations, the integrated simulation platform SEMCAD X (Schmid & Partner Engineering AG, Zürich) was used. The radio frequency (RF) solver of SEMCAD X is based on the finite-difference time-domain (FDTD) method (Taflove and Hagness 2000) , but has been greatly enhanced with various novel features. The software package was jointly developed with the IT'IS Foundation and has been extensively validated.
For the simulation, a maximum spatial mesh step of 1.5 mm was chosen in the head. In the environment of the phone, i.e. in the regions of maximum exposure, the mesh step was refined to 0.5 mm (generic phones) and 0.15 mm (T250). In free space, the mesh step did not exceed 15 mm. The computational domain was terminated with perfectly matched layers absorbing boundary conditions. A distance of approximately one wavelength was maintained between the head and the phone and the boundaries of the computational domain.
Dependence of the exposure on age dependent parameters
Peak spatial average SAR
For assessment of the impact of the age-dependent changes of the dielectric tissue parameters, the head models of a 3-year-old child, a 6-year-old boy, an 11-year-old girl and a 38-year-old adult (3YC, Thelonious, Billie, Visible Human) were simulated with all four tissue data sets of table 1. The head models were exposed to all three phone models (section 2.3) in the standardized 'touch' and 'tilted' positions (IEEE 2003 , IEC 2005 8 . For all cases, the 10 g psSAR was evaluated in a cubical volume according to the procedure defined in IEEE (2002) . The pinnae of the models were excluded from the averaging volume (IEEE 2005) .
Figures 4 and 5 show the 10 g psSAR for all models, tissue properties, phones and the two positions at 900 MHz and 1800 MHz. The values were normalized to the 10 g psSAR obtained with the SAM phantom (0 dB, table 2). For most of the configurations, the differences in SAR due to the age-dependent changes of the tissue dielectrics are approximately 0.5 dB at 900 MHz (figure 4) and approximately 1.5 dB or less at 1800 MHz (figure 5) if the anatomical model, phone and exposure position are kept constant. There is, however, no correlation of the age group of the tissue dielectrics with the psSAR. The differences among the head models can reach an order of magnitude of 3 dB for the same configuration (phone, frequency and position). The variations are within the order of magnitude which has been reported for different individuals of the same age group in studies using a large number of head models and configurations, such as (Kainz et al 2005) . In conclusion, they do not support the assumption of dependence of the psSAR with the age or size of the head model. The differences can rather be attributed to individual anatomical features. Figure 5 . Ratio of the 10 g peak spatial average SAR for exposure of the anatomical models at 1800 MHz in comparison to SAM (table 2) .
Inner head and brain regions
The exposure of the hypothalamus, the pineal gland, the hippocampus and the eye was evaluated for the configurations described in section 3.1. Figure 6 shows the average (arithmetic mean value) of the SAR of these regions of the four age-dependent data sets of tissue dielectrics (section 2.2). The bars indicate the variations due to the age-dependent tissues. The SAR was calculated by dividing the power dissipated in the respective regions by their mass. The reference SAR (0 dB) in figure 6 is again the psSAR of the SAM phantom for the respective configurations (table 2) .
Monopole -900MHz
Integrated -900MHz
T250 -900MHz
Monopole -1800MHz
Integrated -1800MHz Figure 6 . Exposure of the inner regions of the brain and the eye for the three phone models in the touch position normalized to the 10 g peak spatial average SAR in SAM (table 2). The bars indicate the variation of the exposure depending on the age group of the dielectric tissue properties. Again a general dependency of exposure on the age class of the tissue parameters was not observed. In order to make the graphs of figure 6 more readable, the values of the age-dependent tissue parameter sets are not reported as sets of separate curves. Instead their maxima and minima are indicated by bars as mentioned above. Nevertheless, the exposure of the hippocampus, the hypothalamus and the eye shows a reduction that can be correlated with the growth of the proportions of the head with increasing age and can exceed 3 dB.
• The exposure of the hippocampus drops by approximately 5 dB at 900 MHz for the older models in comparison to the three year old (figure 6, top left). At 1800 MHz, the drop of the exposure of the hippocampus within the older models is about 3 dB with the exposure of the three year old and the phone with the integrated antenna as an exception.
• The exposure of the hypothalamus (figure 6, top right) drops by about 3 dB at 900 MHz and about 2 dB at 1800 MHz for increasing age of the models.
• No strong correlation with the age of the head model can be observed for the exposure of the pineal gland (figure 6, bottom left).
• The exposure of the eye drops by 6 dB-10 dB at both 900 MHz and 1800 MHz for the older models (figure 6, bottom right).
Considering the uncertainties due to the differences in the exposure patterns of the phones (figure 3) and the segmentation of the different brain regions, the changes in exposure can be correlated with the distances between the radiation source and the respective brain regions. As a measure for the growth as a function of age, these distances are indicated in table 3 with respect to the auditory canal opening. For the hypothalamus, the hippocampi and the eye, a shorter distance generally corresponds to a higher exposure. The poor correlation of the exposure of the pineal gland with age can also be explained by its position in the head models with respect to the entrance of the auditory canal which is rather constant.
Since the distribution of the current density on the phone can vary significantly depending on frequency, position and individual anatomical properties, the actual distance between the SAR at the exposed brain region and the actual SAR maximum (of all head tissues) will show a certain variation for the different configurations, and in certain cases the entrance of the auditory canal is not the location of the exposure maximum. Nevertheless, the distances as given in table 3 yield the advantage of being an uncomplicated and well-defined indicator of the relative change of the exposed regions during the growth of the head.
Brain cortex
Section 3.2 has shown that the exposure of inner regions of the head and of the brain can be correlated with their distance from the source of radiation. Moreover, large differences in the exposure of the cortex can occur when the exposed region is close to the surface of the head. Here, the current distribution on the phone can be of particular relevance. In the close near field of a transmitter, the exposure directly depends on the distribution of the RF currents on the conducting parts (Kuster and Balzano 1992) . The phone models discussed in section 2. Figure 7. Position of the maximum 1 g peak spatial average SAR (red cube) in the brain of the models of the three year old child and of the 38 year old male adult (Visible Human) when exposed to the generic phone with integrated antenna.
show typical differences in their near-field exposure pattern for the two frequency bands. At 900 MHz the SAR maximum occurs in the center of the case, whereas it is located at the upper edge of the case or at the antenna feedpoint for operation at 1800 MHz (figure 3).
For the comparison of the exposure of the surface regions of the cortex, the models of the 3-year-old child, the 7-year-old child, the 34-year-old male adult and the 38-year-old male adult (3YC, 7YC, Duke and Visible Human) were irradiated with the generic phone with the integrated antenna in 'touch' and 'tilted' positions at 900 MHz and 1800 MHz. Figure 7 shows the SAR distribution on the surface of the brain of the three-year-old child and of the Visible Human. The red cubes indicate the location of the 1 g psSAR in the brains of the models. For the three-year-old child, it is located in the cerebellum at both frequencies (figure 7, right, top and bottom). For the model of the seven-year-old child, the psSAR in the brain also occurs in the cerebellum. For the two adult models (Duke and Visible Human), the 1 g psSAR is located in the temporal lobe, which is shown in figure 7 (left, top and bottom) for the Visible Human model.
At 900 MHz the current maximum is located at the center of the case of the phone (figure 3, top row), and the distance between the current maximum and the location of the psSAR of the two adults and the two children is similar. At 1800 MHz, the current maximum moves to the top of the phone ( figure 3, bottom row) . Because of the different proportions of the heads of adults and children, the distance between the brain and the location of the current maxima on the phones varies significantly at this frequency. For the two adult models, the distance from the phone to the temporal lobe of the adult brain is shorter than the distance to the cerebellum such that the psSAR can also be found there both at 900 MHz and 1800 MHz. The comparison of the 10 g psSAR for these configurations shows that exposure of the brains of the two children and the adults is in the same order of magnitude if the current maximum occurs at the center of the phone case, whereas it can exceed the exposure of the adult brain by more than 4 dB if the current maximum is located at the top of the case (figure 8).
Bone marrow
Since the distribution of bone marrow in the skull is very complex, large uncertainties during its segmentation are inevitable and may lead to disjoint regions of altering thickness. Therefore, the impact of age-dependent changes of dielectric tissue properties was assessed with the help of a generic layered model: skin (1.5 mm), fat (1.5 mm), bone (1.5 mm), marrow (1.0 mm or 3.0 mm), bone (1.5 mm) and muscle (infinite). The typical range of the thickness of the bone marrow layer in the skull was estimated from the cryosection images of the Visible Human Project (Ackerman 1998) . The average thicknesses of the other layers were taken from (Snyder et al 1975 , Drossos et al 2000 , Seidenari et al 2000 . The model was irradiated with dipole antennas operating at 900 MHz and 1800 MHz at a distance of 10 mm. Simplified layered body models for RF exposure assessment were already applied and validated in Drossos et al (2000) , Christ et al (2006a Christ et al ( , 2006b . The generic layered model and the dipole antenna (here for 1800 MHz) are shown in figure 9 . For near-field-like coupling of the fields into the Figure 9 . Generic layered body model with dipole antenna with tuning stub (1800 MHz). body, the exposure is governed by the local tissue conductivity, whereas standing wave effects due to reflections at tissue layers with high dielectric contrast can occur for far-field-like coupling. Figure 10 shows the 10 g psSAR averaged over the bone marrow tissue and compared to the psSAR including all tissues. Absorption in the bone marrow is approximately proportional to its conductivity (table 1) and largely independent of the layer thickness. Therefore, it is clearly age dependent i.e. the exposure of the bone marrow can be 10 dB higher in children than in adults (figure 10, left). It should also be noted that the uncertainty of this ratio is directly proportional to the measurement uncertainty of the dielectric measurements.
Summary and conclusions
This study addressed two open questions on the exposure of adults and children to cell phone radiation, namely, (1) the effect of age-dependent tissue parameters for testing compliance with safety standards (IEEE 2003 , IEC 2005 and (2) age-dependent differences in the exposure of specific tissues which may be relevant for the interpretation and design of epidemiological studies and volunteer studies.
Regarding the psSAR, which is the relevant quantity for the demonstration of the compliance of mobile phones with safety limits, the conclusions of previous studies were confirmed (section 3.1):
• Age dependences of dielectric tissue properties do not lead to systematic changes of the psSAR. This is valid for all the configurations analyzed here (phone models, positions, etc).
• The geometrical properties of the head do not have a systematic impact on the psSAR i.e. a correlation between the size of the head and the peak spatial SAR could not be established. Differences are merely due to individual anatomical properties. This is valid for all configurations analyzed here (phone models, positions, etc).
• In all investigated cases, the current methods for compliance testing prove to be conservative.
Major age-dependent changes were observed for the exposure of particular tissues and brain regions. These concern bone marrow as well as regions both inside the brain and at its surface. The findings can be summarized as follows.
• The exposure of regions inside the brains of young children (e.g. hippocampus, hypothalamus, etc) can be higher by more than 2 dB-5 dB in comparison to adults (section 3.2). This should be considered in the design of volunteer studies, e.g., (Huber et al 2005 , Regel et al 2007a , 2007b ).
• The exposure of the bone marrow of children can exceed that of adults by about a factor of 10. This is due to the strong decrease in electric conductivity of this tissue with age (section 3.4).
• The exposure of the eyes of children is higher than the exposure of the eyes of adults.
Regarding thermal effects, however, this does not represent a problem as the exposure of the eyes by mobile phones is very low i.e. less than −10 dB compared to the psSAR (section 3.2).
• Because of differences in their position with respect to the ear, brain regions close to the surface can exhibit large differences in exposure between adults and children. The cerebellum of children can show a peak spatial average SAR more than 4 dB higher than the local exposure of the cortex of adults. It should be noted that these differences strongly depend on the current distribution of the phone (section 3.3).
• Tissues or regions that have a similar distance to the phone for adults and children, such as the pineal glands, do not experience age-dependent exposure (section 3.3).
In general and on average, children suffer a higher exposure of their brain regions than adults. This higher exposure is due to differences in anatomical proportions. For the exposure of the surface of the brain, the current density distribution or the near field of the cell phone must be regarded. This is of particular importance for the interpretation of epidemiological studies and for research on non-thermal effects. A more detailed and quantitative analysis of the exposure of different brain regions appears necessary and is feasible with the help of additional anatomical models and advanced methods for the evaluation of the brain exposure, such as the Talairach transformation (Murbach et al 2009) 
